Eukaryotic genomes are tightly condensed in chromatin, which is made up of nucleosomes comprising 147-bp segments of DNA wrapped approximately 1.6 times around histone octamers 1 . This packaging limits the accessibility of the DNA, thus creating a barrier that plays a major role in regulating DNA-dependent processes such as gene expression 2, 3 .
Eukaryotic genomes are tightly condensed in chromatin, which is made up of nucleosomes comprising 147-bp segments of DNA wrapped approximately 1.6 times around histone octamers 1 . This packaging limits the accessibility of the DNA, thus creating a barrier that plays a major role in regulating DNA-dependent processes such as gene expression 2, 3 .
Histone chaperones promote nucleosome assembly by blocking nonproductive interactions between DNA and histones [4] [5] [6] . FACT is an essential and highly conserved histone chaperone that facilitates nucleosome assembly yet also promotes nucleosome disassembly; therefore, it can both stabilize and destabilize chromatin [7] [8] [9] [10] . FACT from the yeast S. cerevisiae is a heterodimer of Spt16 and Pob3 proteins, whose functions are supported by the HMGB-like protein Nhp6 (refs. 11,12) . In agreement with roles in both forming and bypassing nucleosomes, FACT participates in a range of processes including DNA transcription, replication and repair [13] [14] [15] . Notably, FACT is necessary for the efficient removal of nucleosomes during the induction of transcription 16, 17 , it facilitates both nucleosome recovery during elongation and nucleosome repopulation during repression of transcription [18] [19] [20] , and it promotes transcription through chromatin by RNA polymerase II in vitro 21, 22 , thus highlighting the importance of both its stabilization and destabilization activities.
FACT interacts with multiple targets within nucleosomes 23 , including DNA, histone H3-H4 tetramers and histone H2A-H2B dimers 10, 24, 25 . Indeed, FACT simultaneously binds both of the H2A-H2B dimers within a nucleosome 26 . FACT also reorganizes nucleosomes, thereby enhancing DNA accessibility to various probes in the absence of ATP hydrolysis and without permanently displacing the histones 8, 27 . Competition between FACT and DNA for binding histones has been proposed to be responsible for the increased DNA accessibility observed when FACT binds nucleosomes in bulk assays 9, 21, 25, 26, 28 ; however, the nature and the extent of FACT-dependent nucleosome reorganization is currently unknown.
Here we report that spFRET analysis reveals FACT-induced global large-scale and reversible ATP-independent reorganization of individual nucleosomes. FACT uncoils nucleosomal DNA primarily via an all-or-none mechanism, retaining the DNA and core histones within the complex. Validating the physiological relevance of the observations, we found that a FACT mutation causing defects in replication and transcription in vivo compromised the nucleosome-reorganizing function, and that a mutation in H2A that suppresses some of the in vivo phenotypes also restored nucleosome reorganization activity in our in vitro system.
RESULTS

Measuring the effects of FACT on nucleosome structure and dynamics via spFRET
To study the reorganization of nucleosomal DNA by yeast FACT (yFACT), we used three mononucleosomal templates with pairs of fluorescent labels in different regions of the DNA (Fig. 1a) . We assembled nucleosomes reconstituted with chicken or recombinant Xenopus laevis histones on the previously characterized 603 1 1 1 2 VOLUME 23 NUMBER 12 DECEMBER 2016 nature structural & molecular biology a r t i c l e s nucleosome-positioning sequence 29, 30 with a 20-bp linker, and we subsequently gel-purified the products. Label positioning was based on the known nucleosome structure 31 to allow FRET between Cy3 and Cy5 labels without disrupting histone-DNA contacts (Fig. 1a) . We introduced label pairs at +35 and +112 (template N35/112), +13 and +91 (N13/91), and +57 and +135 (N57/135) bp relative to the 603 sequence boundary 32 . These positions correspond to the point of contact between the two H2A-H2B dimers, and the entry and exit points are adjacent to and distal from the linker segment, respectively. The nucleosomes were ~90% pure and contained minor amounts of hexasomes (lacking one H2A-H2B dimer) and free DNA (Fig. 1b) .
We used a 514.5-nm-wavelength laser to excite the donor fluorophore (Cy3) in single nucleosomal complexes diffusing freely in solution as they traversed the focal volume of the microscope and measured the fluorescence intensities of both donor (Cy3) and acceptor (Cy5) dyes (Fig. 1c) , as described previously 33 . We then calculated the proximity ratio (E PR ) in the absence or presence of FACT, thus revealing changes in the distance between the labeled DNA sites through changes in FRET efficiency.
Nucleosome unfolding by yFACT is extensive and reversible
Addition of yFACT (Spt16-Pob3 with Nhp6) to fluorescently labeled nucleosomes resulted in formation of protein-nucleosome complexes, as detected by nondenaturing PAGE (Fig. 2a) . In accordance with previous results 12, 26 , complex formation required binding of nucleosomal DNA by Nhp6 (Fig. 2a) and was reversed by the addition of excess of unlabeled competitor DNA (Fig. 2a and refs. 12,26) . The fluorescent labels therefore did not alter FACT's interactions with nucleosomes.
The typical distribution showed two Gaussian peaks: a minor peak (mean E PR of 0.02 ± 0.03) that was likely to correspond to free DNA with a large distance between the labels (low E PR ) and a major peak (mean E PR of 0.65 ± 0.01) corresponding to nucleosomes (typically >85% of the individual signals) with the expected proximity of labeled DNA sites (high E PR ) (typical frequency distribution of E PR measured by spFRET for N35/112 nucleosomes in solution in Fig. 2b,c) . The addition of Nhp6 or Spt16-Pob3 alone induced only minor changes in the distance between the two DNA gyres in this region of a nucleosome, thus resulting in little change in the E PR frequency distributions (Fig. 2b) . In contrast, addition of complete FACT dramatically changed the E PR frequency distribution (Fig. 2c) , and the low-E PR peak became dominant, thus suggesting a large increase in the distance between gyres of the nucleosomal DNA after FACT binding. This result supports a model in which FACT promotes a structural change in nucleosomes, and the three subunits of FACT cooperatively induce this change.
An alternative explanation for the decreased proximity ratio is that FACT might have quenched the fluorescence of the Cy5 acceptor. To evaluate this possibility, we measured the fluorescence of Cy5 by using its inherent excitation wavelength (633 nm) instead of indirect excitation through Cy3. Measurements taken before and after FACT binding showed no quenching (data not shown), thereby indicating that this possibility is unlikely. Notably we observed these changes in FRET proximity ratio in the absence of ATP, thus distinguishing this alteration from ATP-dependent remodeling. Importantly, the change in structure was reversible, because disruption of the FACTnucleosome complexes by subsequent addition of an excess of competitor DNA restored the nucleosomes to the form with high E PR (Fig. 2c) . This result suggests that the core histones remain constrained or tethered together within the FACT-nucleosome complexes, because they are readily reassembled into apparently intact nucleosomes.
Nucleosome reorganization involves the majority of the nucleosomal DNA To evaluate the extent of uncoiling of nucleosomal DNA after FACT binding, nucleosomes N13/91 and N57/135 with labels in DNA entry and exit regions were studied (Fig. 3) . These nucleosomes revealed major populations with high E PR , as well as an increase in the fractions of nucleosomes with low proximity ratios relative to N35/112 (Fig. 2c) . These findings are consistent with previous results showing some spontaneous breathing (uncoiling) of DNA at the entry and exit points 34, 35 . As observed for N35/112, Spt16-Pob3 alone did not cause significant changes in the E PR distributions for N13/91 and N57/135 nucleosomes (Fig. 3a,b) . Notably, Nhp6 binding alone did cause a small shift of high-E PR fractions of N57/135 (mean E PR of 0.67 ± 0.01) and N13/91 (mean E PR of 0.71 ± 0.01) toward the lower E PR values (mean E PR of 0.62 ± 0.01 and 0.62 ± 0.01, respectively) and an increase in the content of the low-E PR fractions, a result especially pronounced for N13/91. The latter effect may be explained by a destabilization of DNA-histone interactions at the entry and exit points through Nhp6 binding with the adjacent double-stranded DNA linker in N13/91.
Again, addition of complete FACT caused a dramatic increase in the low-E PR fractions of both N57/135 and N13/91 (Fig. 3c,d ). We also used direct excitation of the acceptor dye to confirm the absence of Cy5 quenching in these cases (data not shown). Uncoiling of DNA in the complexes of FACT with N57/135 or N13/91 was also reversible, as demonstrated by the restoration of high E PR in the a r t i c l e s majority of nucleosomes after addition of competitor DNA to disrupt the FACT-nucleosome complexes (Fig. 3c,d) . The E PR frequency distributions for nucleosomes uncoiled by FACT and for complexes between FACT and fluorescently labeled free DNA were very similar (data not shown), thus suggesting that FACT promoted a significant increase in the distance between labeled DNA sites. The dramatic effect of FACT on nucleosome structure therefore extends to both entry and exit sites, in agreement with a global large-scale uncoiling of nucleosomal DNA. Do core histones remain associated DNA with or transiently dissociate from DNA after the nucleosome reorganization? At the low concentration of nucleosomes used in the spFRET experiments, any histone loss after FACT-induced nucleosome unfolding probably would be irreversible 36 , especially in the presence of the competitor DNA with a high affinity for histones, and would result in incomplete nucleosome recovery after dissociation of FACT. However, our data showed that the structure of the nucleosomes, as detected by this assay, was fully recovered after disruption of the FACTnucleosome complexes (Figs. 2 and 3) . This finding is consistent with the results of a hydroxyl-radical footprinting study showing that interactions between H3-H4 tetramers and DNA are preserved in FACT-nucleosome complexes 28 . Moreover, the FACT-nucleosome interaction is typically accompanied by minimal (typically 5-20%) loss of H2A-H2B dimers 28 . Therefore, we conclude that the majority of the core histones remain associated with complexes uncoiled by FACT.
Quantitative modeling of the uncoiling of nucleosomal DNA from the histone octamer (Online Methods and Supplementary Fig. 1 ) suggested that the low FRET efficiency observed with all pairs of labels indicated that over ~100 bp of nucleosomal DNA must be uncoiled by FACT (Supplementary Fig. 1 and Supplementary Video 1) . This dramatic uncoiling of nucleosomal DNA probably corresponds to a U-shaped DNA that forms less than one superhelical turn of DNA instead of the canonical one and three-quarter DNA turns of nucleosomal DNA (Supplementary Fig. 1 ). 
r t i c l e s
All-or-none mechanism of uncoiling of nucleosomal DNA by FACT Next, we analyzed nucleosome reorganization at different concentrations of FACT (Fig. 4) . Reorganization of a nucleosome structure occurred in the range of 0.25× to 1.0× initial concentration (C 0 ) of FACT, in which C 0 was 0.13 µM Spt16-Pob3 and 1.3 µM Nhp6. At the 0.25× C 0 concentration, the effect of FACT was apparent for N35/112 nucleosomes but appeared to be masked by spontaneous breathing of the histone-DNA contacts at the entry and exit points in N13/91 and N57/135 nucleosomes (Fig. 4a-c) . 17% to 73% of the nucleosomes were unfolded in the range of FACT concentrations tested (Fig. 4d) . All three nucleosomal templates displayed nearly symmetrical uncoiling without preferential effects at any particular labeled region over the (0.5× C 0 to 1× C 0 FACT concentration range (Fig. 4d) . This lack of specificity suggests an all-or-none mechanism of reorganization. In agreement with this possibility, we detected no intermediate states between fully folded and unfolded populations (Fig. 4d) .
Genetic interactions between mutated FACT and histone H2A are recapitulated in vitro
To evaluate the physiological relevance and to further study the mechanism of FACT-induced nucleosome unfolding in vitro, we analyzed FACT and histone mutants that interact in vivo. The spt16-11 allele affecting the large subunit of FACT causes phenotypes consistent with transcription and replication defects in vivo 12 as well as a nucleosomereorganization defect detected by restriction endonuclease sensitivity of nucleosomal DNA in vitro 37 . Many of the phenotypes and the reorganization defect caused by this mutation were suppressed by an H2A V101I mutation 12 , thus suggesting that altered nucleosomes are capable of compensating for inefficient FACT activity. We therefore tested these mutant components in our spFRET assay.
As expected, FACT(Spt16-11) mutant protein induced nucleosome unfolding that was less efficient (Fig. 5a) . In particular, we observed unfolding in only a subpopulation of nucleosomes, although within this subpopulation, the extent of unfolding was the same as in the FACT-nucleosome complexes. The data suggested that nucleosome unfolding is a highly cooperative process that occurs in an all-ornone fashion and that the defect caused by FACT(Spt16-11) is in promoting or maintaining the same open state, not in dictating the properties of that state. To test the importance of the properties of the histone cores of the nucleosomes in this assay, we assembled N35/112 nucleosomes containing the suppressor mutation H2A V101I and compared them with wild-type (WT) nucleosomes assembled with normal histone octamers. The mutant and WT nucleosomes had similar spFRET profiles, although the H2A V101I nucleosomes appeared to be less stable because they contained a higher level of free DNA (Fig. 5b,c) .
In agreement with the in vivo suppression, the diminished ability of FACT(Spt16-11) to promote formation of an unfolded (low-E PR ) subpopulation of WT nucleosomes was reversed when the complex was combined with nucleosomes containing H2A V101I, thereby producing levels of reorganization comparable with those observed with WT FACT on WT nucleosomes (Fig. 5c) .
In summary, the mutations in FACT(Spt16-11) that impair its functions in vivo also result in a lower probability of nucleosome unfolding in vitro. A histone point mutation, H2A V101I, that suppressed FACT(Spt16-11) defects in vivo also suppressed the uncoiling deficiency in vitro, thus suggesting that nucleosome uncoiling is an integral part of the mechanism of FACT action in vivo and that our experimental system faithfully recapitulated this essential FACT activity.
DISCUSSION
We developed an spFRET assay to investigate how FACT alters the structure of DNA within individual nucleosomes during reorganization (Fig. 1) . We used pairs of fluorescent labels to provide information about the proximity of neighboring DNA gyres in three different nucleosome regions during FACT binding. We found that FACT binding induced a dramatic reversible increase in the distance between labeled sites of nucleosomal DNA in all tested regions, including those near a contact between two H2A-H2B dimers, and the entry and exit points adjacent to and distal from the DNA linker. The uncoiling was a r t i c l e s ATP independent, highly cooperative with respect to FACT's subunits and extensive. Our modeling suggests that at least 100 bp of DNA is uncoiled during reorganization, including at least 40 bp uncoiled from one entry/exit site and 60 bp uncoiled from the other ( Supplementary  Fig. 1 ). We found that reorganization is a symmetrical process that occurs without loss of core histones via an all-or-none mechanism (Fig. 4) . Analysis of uncoiling of nucleosomal DNA by a FACT(Spt16-11) mutant that impairs FACT's functions, as well as the effect of H2A V101I, a suppressor of FACT(Spt 16-11) defects (Fig. 5) , suggests that nucleosome uncoiling is an essential feature of FACT action in vivo.
The global FACT-dependent uncoiling of nucleosomal DNA has been inferred from population assays indicating increased sensitivity of nucleosomal DNA to restriction enzymes, DNases and hydroxyl radicals, with tethering of components in an altered configuration, as suggested by the reversibility of the effects and the lower sensitivity to nucleases of the reorganized form compared with histonefree DNA 14, 28 . Previously, the structural basis of these changes was unclear 8, 28 . Our data suggest that dramatic uncoiling of nucleosomal DNA is the principal component of FACT-dependent nucleosome reorganization. Several models for uncoiling of nucleosomal DNA have previously been proposed ( Fig. 6 and Supplementary Video 1) : DNA unwrapping from an intact octamer (Fig. 6a, step 2) , DNA unwrapping accompanied by opening of the (H2A-H2B) dimer-(H3-H4) 2 tetramer interface (Fig. 6a, step 3 ) and DNA unwrapping with complete octamer disassembly 38, 39 (Fig. 6a, step 4) . Uncoiling may also result in opening of the (H3-H4) 2 tetramer with minimal DNA unwrapping (Fig. 6a, step 5) . Each model or a combination suggests a large FACT-induced change in nucleosome structure and may explain the increased distance between the labeled DNA sites observed in the presence of FACT.
We present a likely model accounting for the following critical features of the FACT-nucleosome complex (Fig. 6b) , including (i) dramatic reversible and Nhp6-dependent uncoiling of nucleosomal DNA (this work), (ii) increased accessibility of nucleosomal DNA, as compared with its accessibility in intact nucleosomes 28 , (iii) the ability of the C-terminal domains of Pob3 and Spt16 to interact with two different H2A-H2B dimers (possibly in the same nucleosome 26 ) and (iv) the ability of human Spt16 to interact with an (H3-H4) 2 tetramer 40 . Importantly, FACT remains in the reorganized complex and is likely to interact with both the uncoiled nucleosomal DNA and core histones 26, 28 , thereby replacing some of the DNA-histone and histone-histone interactions.
Our analysis of FACT(Spt16-11) effects suggests that the observed FACT-induced nucleosome reorganization is physiologically relevant. The spt16-11 allele causes sensitivity to elevated temperatures and sensitivity to hydroxyurea, as well as causing the Spt − phenotype 12 . The last two phenotypes are typically interpreted as disturbances of DNA replication and activation, respectively, of cryptic transcriptioninitiation start sites, as a result of incomplete nucleosome assembly during transcript elongation. Some mutations in core histones can suppress some phenotypes caused by the spt16-11 mutation; in particular, the H2A V101I mutation suppresses temperature and hydroxyurea sensitivity but has only a minor effect on the Spt − phenotype 37 . The mutations in FACT(Spt16-11) decrease the probability of nucleosomal DNA uncoiling and are suppressed by the H2A V101I mutation in vitro. On the basis of these data and the observed phenotypes in vivo, we propose that the large-scale FACT-dependent uncoiling of nucleosomal DNA that we detected by spFRET is likely to be critical for replication and possibly for transcription initiation but not necessarily for FACT function in nucleosome recovery during transcription through chromatin by RNA polymerase II 12 .
METHODS
Methods and any associated references are available in the online version of the paper. peak values and s.e.m. Fractions of nucleosomes reorganized at different concentrations of FACT were estimated in three independent experiments, and the mean ± s.d. were calculated. The significance of the differences in the fractions of uncoiled nucleosomes for N13/91, N35/112 and N57/135 were analyzed with unpaired two-tailed t tests. Figures 2b,c, 3 , 4a-c and 5a,c are available online. The software code for analysis of raw spFRET data is available upon request.
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